Extracellular single-unit recordings were used to characterize responses of thalamic barreloid and cortical barrel neurons to controlled whisker deflections in two-, three-, four-week old and adult rats in vivo under fentanyl analgesia. Results indicate that response properties of thalamic and cortical neurons diverge during development.
4 trimming (Simons and Land, 1994) , effects in layer IV whisker-related barrels may reflect altered thalamocortical circuits. In addition, the rodent somatosensory system possesses a unique advantage of being amenable to analyses at multiple levels -from genetic and molecular investigations to in vitro and in vivo experiments. Yet, the normal development of neuronal responses to sensory stimuli in the rodent thalamocortical circuit has not been characterized, due perhaps to technical difficulties of conducting neurophysiologic studies in vivo in young animals. In normal adult animals, response properties differ between thalamic neurons and their postsynaptic targets in cortical layer 4 (e.g., Simons and Carvell, 1989) . It is presently unknown how these transformations develop and to what extent receptive field development relates to the susceptibility of the system to whisker experience.
To date, only a handful of studies have examined responses of neurons in the developing whisker/barrel system to tactile stimuli in vivo. At the level of the trigeminal ganglion (NVg), primary afferent neurons display qualitatively single-whisker receptive fields prior to birth (Chiaia et al. 1993) . Quantitative single-unit recordings of NVg neurons in 2-4 week old animals, however, demonstrated that although NVg neurons in maturing animals, as in adults, possess single-whisker receptive fields, they continue to develop adult-like response latencies and magnitudes during this time and continue to fine-tune their angular tuning (Shoykhet et al. 2003) . At the cortical level, single unit recordings in 7-day old rats under urethane anesthesia revealed low spontaneous activity, inability to follow stimuli greater than 1 every 15 seconds, and receptive fields considerably larger than those in adult animals (Armstrong-James, 1975) . Multiunit recordings in layer IV of the somatosensory cortex in postnatal day 2 (P2) to P14 rats, Page 4 of 46 however, demonstrated small receptive fields even during the first 4 postnatal days (McCandlish et. al. 1993 ). More recently, Stern et al. (2001) recorded intracellularly from several layer IV neurons in 12-20 day old rat pups in vivo. Consistent with previous results, they found that neurons in layer IV responded with action potentials to whisker movements at 12 days of age and that the strongest responses were elicited by deflections of the principal whisker. These studies, while providing a qualitative assessment of receptive field properties, focused solely on cortical activity and were not designed to address the issue of how immature central circuits in the whisker-to-barrel pathway process and transform their sensory input.
To investigate the development of thalamocortical response transformations, we recorded in separate experiments from VPm barreloid and from layer IV barrel neurons in rats at 2, 3, 4 weeks of age and in adulthood. Direct comparison between thalamic and cortical responses allows for examining the development of response transformations in this system. Results indicate that response properties of thalamic and cortical neurons diverge during development with respect to response magnitude, directional tuning, receptive field focus on the principal whisker as well as with respect to response timing. These changes likely reflect the maturation of the thalamocortical and intracortical circuits and confirm, as suggested previously (Shoykhet et al., 2005) , that the rodent somatosensory system continues to mature well beyond the onset of active whisking at the end of the 2 nd postnatal week. We propose that continuing development between P14 and adulthood provides one of the substrates for experience-dependent persistent modification of sensory information processing and behavior observed in the whisker-to-barrel pathway.
MATERIALS AND METHODS

Animals
Sprague-Dawley rats of 13-15, 20-22, 27-29 , and > 65 days of age were used for the experiments (day of birth = P0). These age groups are denoted P14, P21, P28, and P65 respectively. For cortical recordings, the subject cohort consisted of 13 P14, 15 P21, 9 P28 and 8 P65 animals. For thalamic recordings, 5 P14, 4 P21, and 4 P28 rats were used. Thalamic data from P65 rats (n = 19) were taken from an earlier study (Simons and Carvell, 1989) . Pups were from dams with litters born on specified dates (Harlan Sprague-Dawley, Indianapolis, IN) and were housed with their mothers throughout. All procedures were approved by the Institutional Animal Care and Use Committee.
Surgical procedures and maintenance
Surgical procedures were previously described in adult animals (Simons and Carvell, 1989 ) and were adapted for neonatal rats (details of the procedures are available at http://www.neurobio.pitt.edu/barrels/). The explicit goal was to minimize procedural differences between adult and neonatal animals and to create experimental conditions that differ little between the present study and previous ones in our laboratory investigating thalamocortical response transformations in adult animals. Briefly, under halothane anesthesia, the external jugular vein and the femoral artery were catheterized, and a tracheotomy was performed. Recordings were obtained from the right hemisphere. The skull was exposed, and a steel post was fixed to the bone with stainless steel screws (also used for electroencephalographic recordings), cyanoacrylate and dental acrylic. The post was used to hold the animal's head without 7 ear bars or other pressure points during the experiment. Skull overlying the region of interest was thinned by drilling, and a craniotomy ( 2mm 2 for thalamic recordings, 0.5 mm 2 for cortical recordings) was performed. For all thalamic recordings, an acrylic well was constructed around the craniotomy site, and the exposed dura was kept moist with physiologic saline. For cortical recordings in P14 and P21 animals, spatial constraints precluded construction of the acrylic dam. Instead, the temporalis muscle was apposed to the craniotomy edge, and the dura was preserved and kept moist by periodic application of saline. For cortical recordings in P28 and P65 animals, the dam was constructed, and the dura was carefully incised. Cerebral vasculature served as a landmark for locating the barrel field in young animals, since during development, brain nuclei shift posteriorly and laterally with respect to skull landmarks (Sherwood and Timiras, 1970) .
After the completion of surgical procedures, the animal was transferred to a vibration isolation table, the arterial line was connected to a pressure monitor (WPI, Inc., Sarasota, FL) and the venous line to two continuous infusion pumps (Razel, Inc., Stamford, CT). Neuromuscular blockade was induced with a bolus dose of pancuronium bromide ( 1.0 mg/kg) and maintained with a continuous infusion of 1.6 mg/kg/hr. Rats were respired with a 50/50 O 2 /N 2 mixture using a MiniVent ventilator (Harvard Apparatus, Cambridge, MA) for P14 and P21 animals and an Inspira ventilator (Harvard Apparatus, Cambridge, MA) for the older rats. Halothane was discontinued, and for the rest of the experiment, the animal was maintained in a sedated, lightly narcotized state using continuous infusion of a synthetic opiate, fentanyl ( 10 µg/kg/hr).
Core body temperature was kept constant at 37°C by means of a servo-controlled 8 heating blanket (Harvard Apparatus, Cambridge, MA) and a DC powered 20W halogen lamp.
To assess the rat's physiological condition during the recording experiment, we continuously monitored mean arterial blood pressure (MAP), pulse rate, tracheal airway pressure waveform including peak end inspiratory pressure (PEIP), capillary perfusion of glabrous skin and pupillary reflexes. As in other mammals, MAP increases during development (e.g., 45-50 mm Hg for P14, 110-125 mm Hg for adult) making the use of an absolute MAP value impractical as an objective criterion of the adequacy of the animal's physiological state. In preliminary studies, we found that halothane anesthesia lowers MAP by 15-30 mm Hg. Therefore, if MAP failed to rise upon discontinuation of halothane, or if it fell below the halothane value during the recording session, the experiment was terminated. Preliminary studies also indicated that increases in PEIP above 15 cm H 2 O were associated with significant damage to lung tissue in young animals; experiments were terminated if PEIP exceeded this value.
Single-Unit Recording and Whisker Stimulation
Extracellular single-unit recordings from thalamic neurons in all age groups and from cortical neurons in P14 and P21 animals were obtained with stainless steel microelectrodes (6-8 M impedance at 1kHz for thalamic recordings and 4-6 M impedance at 1 kHz for cortical recordings, FHC, Inc., Bowdoinham, ME). In the cortex of P28 and P65 animals, single-unit recordings were obtained with double-barrel glass microelectrodes (6-8 M impedance at 1 kHz). One barrel contained 3M NaCl as a recording solution, and the other -10% w/v solution of horseradish peroxidase (HRP) in 9 50 mM tris (hydroxymethyl)aminomethane HCl buffer (pH 6.8) for reconstructions of electrode tracks (Simons and Land, 1987b) . Glass microelectrodes require removal of dura mater, which we wanted to avoid during cortical recordings in young animals.
Steel microelectrodes easily penetrate the dura and provided satisfactory isolation of single units in layer IV of young animals but less so in P28 and adult rats, perhaps due to denser neuropil. Both metal microelectrodes in young rats and glass microelectrodes in older animals readily distinguish between cortical regular-spike (RSU) and fast-spike units (FSUs) when the signal is appropriately filtered (Bruno and Simons, 2002) . Cortical recordings were targeted to layer IV, whose approximate depth in each age group was determined in a series of preliminary experiments.
Single units were identified on the basis of spike amplitude and waveform criteria and isolated using a time-amplitude window discriminator (Bak Electronics, Germantown, MD). Once a unit was isolated, the whisker that elicited the most robust response, i.e. the principal whisker (PW), was identified by manual stimulation. The PW and up to four of its cardinally adjacent whiskers (AWs) (rostral, caudal, dorsal and ventral) were then deflected sequentially using multi-angle piezoelectric stimulators (Simons, 1983) . The stimulators were attached 5 mm from the face and produced 0.5 mm amplitude deflections at the tip during cortical recordings in all age groups and during thalamic recordings in two, three and four week-old animals. During thalamic recordings in adults and in previous studies from this laboratory (Simons and Carvell, 1989; Bruno and Simons, 2002) , the stimulators were attached 10 mm away from the face and delivered a 1 mm deflection. The angular deflection amplitude ( 5.7°) was thus equivalent in all age groups. The piezoelectric stimulators were additionally calibrated with a photo-diode circuit to deliver a similarly shaped deflection regardless of amplitude.
Each whisker was deflected in eight directions in 45° increments (caudal = 0°, dorsal = 90°). PW deflections were repeated 10 times for a total of 80 deflections per whisker (10 x 8 directions); AW deflections were repeated 5 or 10 times. Deflections were delivered in a random sequence at 3 s intervals in P14, P21 and P28 animals, and at 2 s intervals in adults. Data were collected for 500 ms bracketing a 200 ms rampand-hold stimulus. Spike times were collected with 100 µs resolution, and spike waveforms corresponding to these event times were digitized at 32 kHz using a PCI- and P65 rats, HRP was microiontophoretically ejected through the electrode tip at infragranular sites on the last penetration (Simons and Land, 1987b) . At the end of the recording session, the rat was deeply anesthetized with halothane until MAP fell well below the value observed during surgery, and the animal was perfused transcardially with heparinized saline followed by fixative for cytochrome oxidase histochemistry. The brains were cryoprotected in 30% w/v sucrose/0.1 M phopshate buffer for 24 hrs.
For identification of thalamic recording locations, the brains were cut coronally in 60 µm sections and stained with thionin. Electrode tracks and lesion locations were identified; recording depths were reconstructed from microdrive readings during the experiment and lesion locations. Only data collected from recording sites in VPm are included in the analyses; no attempt was made to assign neurons to individual, anatomically defined barreloids For identifying cortical recording sites, the right cortical hemispheres were dissected, slightly flattened, and sectioned into 60 µm slices in the tangential plane.
Sections from P14 and P21 animals were reacted for CO (Wong-Riley et al. 1978 ) and counterstained with thionin. Sections containing layers I-IV from P28 and P65 animals were similarly processed, whereas sections containing layers V-VI and HRP deposits Neurons were included in all analyses if deflection of the PW generated a statistically significant response and if responses for at least one AW were also separately collected. A response was defined as statistically significant if it exceeded spontaneous activity on either one of the following two measures. 1) ON responses were examined to identify the deflection angle evoking the largest number spikes (ON max ), and ON max was compared to mean spontaneous activity (t-test, one-tailed p < 0.025). 2) PSTHs were examined to identify the deflection angle evoking the largest number of spikes in any one bin during the ON response, and the value of this bin was compared to that of 100 bins during spontaneous activity using a Poisson distribution (p < 0.025); the first significant bin at this deflection angle was also taken as response latency. The first measure is sensitive to temporally distributed responses, whereas the 13 second is sensitive to temporally focused responses. The use of the two measures thus maximized the likelihood of identifying AW responses, making potential differences between thalamic and cortical populations more robust.
Time to fiftieth percentile spike (T50) was computed for each unit as the time required to discharge 50 percent of the spikes in a 25 ms epoch beginning with the first PSTH bin to exceed spontaneous activity (p < 0.025) (Brumberg et al., 1999) .
Directional selectivity was evaluated using the ratio of response magnitude at the preferred direction to response magnitude averaged over all deflection angles (ON max /ON mean ).
Statistical treatment of data
Neuronal responses in young animals, especially those from cortical neurons, are less robust and more variable than those in adult animals, which results in greater variance around a smaller mean. Under these circumstances, an outlier can significantly shift the computed mean of the sample away from the true population mean. In order to minimize the impact of outliers on the calculated mean, -trimmed means were used to compare average values among different age groups (Fisher & van Belle, 1993) .
Trimmed means are calculated on the sample from which the k x n smallest and largest value observations are removed; k is the next integer greater than or equal to x n, and n is the number of observation in the sample. 0.05-trimmed means were used in this study, which would result in the removal of the 2 largest and 2 smallest observations from a sample of 40. This technique makes means and comparisons among them more robust by 1) reducing the degrees of freedom and 2) taking into account only the more frequently observed values in the distribution. ANOVA and Student's t-test become more conservative with -trimmed means, being less likely to find a difference between the two true population means than the same tests using untrimmed means (Fisher & van Belle, 1993) . Previously collected adult thalamic data (Simons and Carvell, 1989) were subjected to the same trimming procedure with minimal to no changes in the sample means.
Standard statistical tests (e.g., ANOVA, Student's t-test) were employed for parametric analyses. The non-parametric Kruskal-Wallace (K-W) analysis of variance or Mann-Whitney two-sample test was employed when the assumption of homogeneity of variance was violated. Distributions of discrete variables (e.g. RF size) were compared using a 2 test (Siegel, 1956 ). Differences were considered statistically significant if two-tailed probability values were less than 0.05. When required, probability values were corrected for multiple comparisons using the Bonferroni method.
RESULTS
Only data from cortical neurons in cytochrome oxidase-rich barrel centers in layer IV of primary somatosensory cortex and from thalamic neurons located in VPm barreloids are presented in the analyses. In P14, P21, P28 and P65 animals, we recorded from 34, 63, 41, and 51 RSUs in the cortex, respectively, and from 39, 35, 36, and 135 thalamocortical units (TCUs) in VPm, respectively.
Thalamic and cortical responses develop along different trajectories. Figure 1A shows population PSTHs of responses of thalamic neurons at different ages. The thalamic PSTH at P14 shows more widely dispersed ON and OFF responses, whereas beginning at P21, PSTHs are temporally focused and nearly adult-like in shape. In the cortex, on the other hand, responses continue to undergo development at later ages (Fig. 1B) . As in adults, in developing animals cortical responses are of smaller magnitude than thalamic responses (Fig. 1C ).
Response magnitudes
Responses to different stimulus components are quantified in Figure 2 . ON and OFF responses of thalamic neurons develop in parallel (Fig 2A) . and adulthood (ANOVA, p = 0.45). Thus, the thalamocortical OFF response transformation, thought to reflect the sensitivity of barrel circuitry to thalamic input timing (see Discussion), matures after P14 primarily due to an age-dependent decrease in the magnitude of cortical OFF responses.
Spontaneous firing rates of thalamic and cortical neurons also undergo developmental changes. As shown in Figure 2D , spontaneous firing of thalamic neurons initially increases between P14 and P28 from 6.2 (SD 4.1) to 13 (SD 8.5) spikes/s, then decreases between P28 and P65 to 7.4 (SD 5.6) spikes/s (KW, p < 0.0001). The aforementioned age-dependent changes in VPm ON and OFF response magnitudes remain statistically significant when adjusted for spontaneous activity (data not shown). In contrast to thalamic spontaneous activity, spontaneous firing rates among cortical neurons decrease steadily, from 4.1 (SD 4.1) spikes/s in P14 animals to 2.3 (SD 4.1) spikes/s in adult rats (KW, p = 0.00002). Thus, the increase in spontaneous firing among thalamocortical neurons between P14 and P28 is not reflected in the spontaneous firing of barrel RSUs, though spontaneous subthreshold activity increases during this time (Borgdorff et al., 2007) . Figure 2E shows average firing rates of thalamic and cortical neurons during sustained whisker deflection at the maximally effective angle, i.e, plateau responses, at different ages. Plateau activity of both TCUs and RSUs decreases significantly with age (KW, both p < 0.0001). The age-dependent decrease in plateau activity remains significant when adjusted for spontaneous firing rates at each age (data not shown). As a result of decreased plateau firing rates, the proportion of slowly adapting (SA) neurons (see Methods), which maintain elevated firing rates in response to sustained whisker deflections, decreases both in the thalamus and in the cortex (Fig. 2E inset,   2 , df=3, p = 0.02 for TCU and p = 0.001 for RSU). Among TCUs, fifty-nine percent are slowly adapting at P14 but only 37 percent at P65. Among RSUs, the proportion of slowly adapting units decreases from 44 percent at P14 to 12 percent in adulthood. As also shown previously in adult rats (Simons and Carvell, 1989) , in developing animals plateau activity of TCUs is higher than that of RSUs.
Response timing As suggested by the population PSTHs of Figure 1 , responses of individual units become more temporally focused during development. Figure 2F shows the average time required to discharge 50 percent of the spikes in the ON response (T50, see Methods) as a function of age for thalamic and cortical neurons. Among TCUs, average T50 decreases sharply between P14 and P21, remains steady between P21
and P28, and then increases slightly between P28 and adulthood (KW, p < 0.0001).
Overall, by the end of the third postnatal week, one half of evoked spikes in the thalamic ON response occur within the first 4-5 ms. Maturation of T50 among RSUs follows a different trajectory than that of TCUs, remaining essentially unchanged between P14
and P28, and then decreasing between P28 and P65 (KW, p < 0.0001). The apparently prolonged maturation of RSU T50 is consistent with the broad population ON response PSTH's seen at P14 through P28 in the cortex (see Fig 1C) . Temporal dispersion of the TCU OFF responses in adult animals is greater than that of VPM ON responses, and this difference is thought to contribute to the thalamocortical OFF response transformation (Kyriazi and Simons, 1993; Pinto et al., 2000) . During development, T50
of TCU OFF responses decreases in parallel with that of ON responses from 10.9 (SD 4.09) ms in P14 animals to 5.61 (SD 1.94) ms in P65 rats (data not shown, KW, p < 0.0001). As in adult TCUs, OFF response T50 is larger than ON response T50 at all ages considered (data not shown, MW, p < 0.015).
During development response latencies of thalamic and cortical neurons decrease but along different time courses (Fig. 3) . Mean TCU response latency decreases more than two-fold between P14 and P65 from 14 (SD 4.2) to 6.5 (SD 0.8) ms (KW, p < 0.0001) (Fig. 3A) . The largest change occurs between P14 and P21. The average TCU response latency continues to decrease until P28, inasmuch as the latency at P21 still differs significantly from that at P65 (MW test with Bonferroni correction, p < 0.0001) while the latency at P28 does not (MW with Bonferroni correction, p = 0.6). TCU latencies also become more uniform during development. Figure 3B shows cumulative frequency histograms for thalamic response latencies. As is the case with mean TCU latency, the most pronounced changes in the distribution of latency values occur between P14 and P21 with the mature pattern emerging between P21 and P28 (Fig. 3B ). Age-by-age comparisons confirm that the latency distribution at P21 differs from that at P65 (KS, p < 0.003 with Bonferroni correction), whereas the latency distribution at P28 is adult-like in shape (KS, p > 0.3 with Bonferroni correction).
Response latencies mature later in the cortex than in the thalamus. Cortical response latency decreases from 20 (SD 3.9) in P14 pups to 7.4 (SD 1.4) ms in adults (Fig 3A) . Maturation occurs in two major phases -RSU latencies decrease sharply between P14 and P21, plateau between P21 and P28, and then decrease again between P28 and P65 (Fig. 3A) . While the first phase between P14 and P21 likely reflects changes in the thalamic input, the second phase between P28 and P65 likely occurs as a result of thalamocortical myelination (see Discussion). Taken together, the latency and temporal dispersion measures indicate that cortical response timing continues to mature after the first month of life.
RSUs in P28 animals
Several units recorded in P28 animals displayed unusually prolonged ON responses and elevated plateau firing rates. The firing of these cells, which were recorded in multiple animals of this age group, was noticeably different from other cells in our sample from any age group. The long duration responses of these cells account for the slightly broadened shape of the population ON response PSTH in Figure 1C , for the small, though not significant, increase in plateau activity in Figure 2E and similarly for the increase in T50 values evident in Figure 2F . Other neurons recorded in this age group displayed unremarkable response properties, suggesting that experimental variables, such as anesthesia, are unlikely to account for these observations.
Angular tuning
The maturation of angular tuning also differs between thalamic and cortical neurons. over the sampled population. For TCUs, ON responses at the angle opposite to the maximally effective one increase from P14 to P65. In contrast, the polar plots for RSUs, like the ONmax/ONmean ratio, are virtually identical at P14 and P65. These data indicate that thalamic neurons become less angularly specific between P14 and P65, while cortical neurons maintain their angular specificity.
Receptive field focus
During development TCU receptive fields become larger and those of RSUs become more focused onto the principal whisker. We compared responses evoked by the PW to those evoked by adjacent whisker deflections using a ratio of their ON response magnitudes; smaller AW/PW ratios indicate greater spatial focusing of the receptive field. For data plotted in Figure 5A , AW/PW ratios are collapsed across all tested adjacent whiskers. For TCUs the average AW/PW ratio increases from 0.17 (SD 0.18) at P14 to 0.39 (SD 0.22) at P65 (Fig. 5A top, KW, p < 0.0001). Thus on average, the relative size of the AW response in TCUs increases two-fold. The absolute magnitude of AW-evoked responses in TCUs also increases with age (data not shown, KW, p < 0.0001). In contrast, average AW/PW ratios among RSUs decrease with age ( Fig. 5A bottom, KW, p < 0.0001). Notably, AW/PW ratios are equivalent among TCUs and RSUs at P14, but diverge such that TCU values become larger while RSU values decrease. Like the AW/PW ratio, the absolute magnitude of AW-evoked responses among RSUs declines with age (data not shown, KW, p < 0.0001).
We also examined the proportion of TCUs and RSUs that responded with statistically significant ON responses to at least one of four tested AWs (Fig 5B, see Methods). The percentage of TCUs having a multi-whisker response increases from 56% (10/18 units) at P14 to 71% (15/21 units) at P65 ( 2 = 9.3, df=3, p = 0.026). The proportion of RSUs with multi-whisker receptive fields remains constant at 30-40% (22 1.05, df=3, p = .79).
Fast-spike units
We recorded from a small number of fast spike cortical units (FSUs), presumed inhibitory interneurons, in P14 (n=4) and in P65 (n=7) animals. While the small sample size precludes robust quantitative analysis, qualitative review of the data suggests some interesting trends in FSU development (Fig. 6) . Viewed in population PSTH's, suprathreshold responses of FSU's in P14 animals are strikingly single-whisker, whereas those in adult rats demonstrate clear AW-evoked responses (Fig. 6A) ; the latter finding is consistent with data from larger samples of FSUs (Simons and Carvell, 1989; Bruno and Simons, 2002) . OFF/ON ratios of fast-spike units appear to remain unchanged from P14 to P65 (Fig. 6B , Student's t-test, p = 0.97). In contrast, FSU AW/PW ratios are larger in adult compared to P14 animals (Fig. 6C , Mann-Whitney, p = 0.005). These findings in FSU's are thus qualitatively similar to those observed in TCUs.
DISCUSSION
Responses of thalamic barreloid and cortical barrel neurons to controlled whisker deflections were examined in two, three, four week-old and adult rats. In order to minimize non-specific age-related variability, animals in all age groups were studied using the same surgical, anesthetic and recording methods. Techniques essentially identical to those employed previously in adult rats (Simons and Carvell, 1989; Bruno and Simons, 2002) were miniaturized for use in rat pups, and objective criteria were utilized to maintain comparable physiologic states in animals at different ages. Data obtained under identical conditions in equivalent age groups are available from trigeminal ganglion cells (Shoykhet et al., 2003) . Taken Response latencies of cortical neurons decrease in two stages. The first stage, from P14 to P28, roughly approximates decreases in TCU latencies, whereas during the second stage, between P28 and P65, cortical response latencies decrease with no further changes among TCUs. This finding suggests that myelination of thalamocortical fibers continues beyond the 4 th postnatal week and is consistent with a protracted developmental time course of cortical myelinogenesis in rats and other mammals, including humans (Norton and Poduslo, 1973; Yakovlev and Lecours, 1967; ) .
As in the case of the trigeminothalamic pathway, on-going myelination of thalamocortical axons, by decreasing the variability of spike arrival times, may contribute to the pronounced temporal focusing of RSU responses that occurs between P28 and P65.
Development of response properties in VPm neurons
Among VPm neurons, principal whisker-evoked responses to deflection onsets and offsets increase ~30% in magnitude between P14 and P21and then decrease to adult values between P28 and P65. In contrast, ON and OFF responses of primary afferent neurons in the trigeminal ganglion progressively increase in magnitude, approximately doubling between P14 and P65 (Shoykhet et al., 2003) . Primary afferent input is thus attenuated centrally (Shoykhet et al., 2000) , though at least in the adult, this does not appear to occur in PrV where whisker-evoked responses are considerably more robust (Minnery and Simons., 2003) . The maturation of PrV response properties is unknown, though available evidence indicates that PrV circuitry is largely mature by the second postnatal week in the rat (Guido et al., 1998; Leamey and Ho, 1998) . At the level of the thalamus, synaptic depression provides a potential mechanism for attenuating stimulus-evoked firing rates. Rat lemniscal synapses onto VPm neurons depress strongly at stimulation frequencies of >2 Hz in vitro (Castro-Alamancos, 2002) , even in slices taken from adult mice. In our recording conditions, spontaneous firing rates increase during development in the trigeminal ganglion (Shoykhet et al., 2003) , in VPm (Fig. 2) and, by extension, in PrV. Thus, immediately prior to stimulus onset, lemnisco-thalamic synapses might be more depressed in older vs younger rats. This mechanism could counteract the developmental increase in stimulus-evoked firing of primary afferent neurons.
Among VPm neurons, ON and OFF responses change in parallel, such that OFF/ON ratios remain constant; this contrasts with RSU responses wherein OFF/ON ratios decrease progressively from P14 to adulthood (see below). In adult rats, TCU OFF responses and OFF/ON ratios are unexpectedly large compared to their inputs (Kyriazi et al., 1994; Minnery and Simons, 2003) . In our recording conditions, OFF response enhancement in thalamic neurons is thought to reflect engagement during some stimulus presentations of low-threshold T-type Ca 2+ channels (Kyriazi et al., 1994 ). The present finding that thalamic OFF/ON ratios are as large at P14 as at P65
suggests that T-type Ca 2+ channels are mature at this time. Consistent with this interpretation, T-type Ca 2+ channel-dependent burst firing patterns in VPm neurons become adult-like by P12 in the rat (Velazquez and Carlen, 1996) .
Between two weeks of age and adulthood, directional tuning of TCUs becomes broader and their receptive field size increases. These changes could reflect subtle maturational processes within VPm. First, dendrites of VPm neurons continue to increase in length well into the 3 rd postnatal week (Zantua et al., 1996; Warren and Jones, 1997) , suggesting that with age VPm neurons may sample a greater number and/or variety of ascending inputs. Second, spontaneous inhibitory post-synaptic currents in VPm neurons are smaller, decay faster and carry less charge at P21 than at P14 (Huntsman and Huguenard, 2000) , suggesting that the level of tonic inhibition in VPm, mediated by RT neurons, may be developmentally regulated. Lower levels of tonic inhibition could result in the observed maturation of RF size and directional tuning by influencing the effective threshold for weak inputs such as those evoked by AW deflections or PW deflections in non-preferred directions.
Development of thalamocortical response transformations
Response properties of barrel RSUs change, in some cases rather substantially, throughout a relatively long developmental period extending until at least the end of the Daw et al, 2007; Cruikshank et al. 2007 ) . Both excitatory and inhibitory connections within the barrel, though present during the first postnatal week (Agmon et al., 1996; Feldmeyer et al., 1999) , are still maturing between two weeks of age and adulthood (Blue and Parnavelas, 1983a; Blue and Parnavelas, 1983b; White et al., 1997; Land and Shamalla-Hannah, 2002; Borgdorff et al., 2007) .
Developmentally regulated increases in intrabarrel inhibition could counteract the effects of increased TCU responsiveness and spontaneous activity, thereby limiting RSU spontaneous firing rates and ON response magnitudes. Increases in TCU spontaneous firing could also contribute by producing more synaptic depression at thalamocortical synapses and higher levels of FSU-mediated tonic inhibition. In addition, greater recurrent excitation due to maturation of intrabarrel excitatory circuitry would enhance the non-linear properties of the barrel circuit, rendering it more differentially responsive to preferred vs non-preferred afferent inputs. Mature barrel circuitry is preferentially sensitive to the initial firing synchrony evoked in thalamic neurons during the first few milliseconds of their response (Kyriazi and Simons, 1993; Kyriazi et al., 1994; Pinto et al., 1996; Pinto et al., 2000 Our findings suggest that in young animals the responses of RSUs are determined more by the overall response magnitudes of TCUs than by their initial firing rates. In adults, RSUs are considerably more sensitive to the velocity of whisker deflection than to deflection amplitude (Pinto et al., 2000) ; among TCUs velocity is encoded almost entirely by their initial firings rates whereas differences in deflection amplitude are ambiguously encoded by initial firing rates and by overall response magnitudes. Thus, an experimentally testable prediction is that barrel circuitry is more deflection-amplitude sensitive in young vs adult animals. If so, it would raise the possibility that behavioral discriminations of whisker deflection velocity and amplitude The scale bar indicates probability of observing a spike in each 100 microsecond bin.
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